Introduction
Molecular machines are supramolecular structures designed to transform external stimuli to coordinated collective mechanical movements which mimic those occurring at the macroscopic level.
1, 2 Examples of molecular machines are rotors, 3 switches, [4] [5] [6] gates, 7, 8 elevators, 9, 10 motors 6, 11-13 and tweezers, 14 most of which were inspired by nature. 15, 16 More sophisticated designs include molecular machines which can move objects 10,000 times greater than their mass 17 and a molecular car. 18, 19 In the mid-1990s, Bedard et al. 20 was the first to suggest the concept of electric field controlled molecular doorways by employing dipolar molecules. Later Zheng et al. 21 synthesized a molecular rotor and characterized its response to an electric field by scanning tunnelling microscopy and barrier height imaging. Horinek et al., 22 Hsu et al. 23 and Seldenthuis et al. 24 reported molecular simulations of similar unidirectional rotational control of supramolecular machines by an electric field. Another area developing rapidly, like molecular machines, and have harnessed great interest recently, is metal-organic frameworks (MOFs). [25] [26] [27] [28] [29] MOFs are inorganic-organic hybrid porous crystalline materials formed by the self-assembly of metal ions and organic ligands via coordination bonds. In principal, with a judicious choice of the inorganic and the organic building blocks it is possible to fine tune the pore size and shape and chemical functionality of MOFs. Thanks to such versatility MOFs have been investigated for a wide range of applications, such as separations, 30 51, 52 Propelled by the advancement in both synthetic molecular machines and MOFs, here we propose to mount molecular gates on the open-metal sites of MOFs and control their opening and closing by utilizing changes in an electric field. 20, 21, 23, 24 The molecular gate consists of three basic features; anchors, a permanent dipole and an axle. The strong attraction provided by the open-metal coordination sites in MOFs provide anchoring points for the gate molecule and the permanent dipole allows the gate molecule to be influenced by an electric field and rotate around an axle to block or allow the diffusion of molecules in a channel. In our MOF-molecular gate design we first Fig 1a) due to the strong binding energies reported for various adsorbates. 67, 68 For the gate molecule, we considered 4,5-dimethyl-9,10-bis(trifloromethyl)pyrene-2,7-dicarboxylic acid (Fig. 1b) . The carboxyl groups on both ends can coordinate to the openmetal sites thus anchoring the molecular gate. The central pyrene allows the molecule to rotate around an axle like a rotor. Finally, the negatively charged fluorine groups and the positively charged methyl groups create a permanent dipole which enables the molecule to respond changes in an electric field. Fig. 1c shows a molecular gate placed in one of the channels of Mg-MOF-74 and Fig. 1d shows all three channels of the Mg-MOF-74 occupied by the gate molecules.
Methods

DFT Calculations
In order to assess the stability of a molecular gate mounted on Mg-MOF-74, we carried out DFT calculations. The crystal structure of Mg-MOF-74 was obtained from Cambridge Crystallographic Data Centre (CCDC). 69 There are 162 atoms in a unit cell of Mg-MOF-74, and the unit cell dimensions and the angles are a=25.873, b=25.873, and c=6.930 and α=90.00, β=90.00 and γ=120.00, respectively. For the DFT calculations, Mg-MOF-74 unit cell was replicated 2 times in the z-direction to give a 1 x 1 x 2 structure. The gate was placed in one of the three channels of Mg-MOF-74 with the carboxyl groups positioned approximately 2.5Å away from the magnesium atoms (Fig. 1c) . The MOF-molecular gate complex was then geometry optimized (flexible cell) with periodic planewave DFT calculations using ultrasoft pseudopotentials with the CASTEP 16.1 software 70 with the gate molecule at different rotational angles with respect to the x-y plane. Details of convergence criteria are given in Table S1 . The PBE functional 71 with semi empirical dispersion corrections derived by Tkatchenko and Scheffler (DFT-D2) 72 was used with the cut off energy and the k-point mesh set at 500 eV and 1x1x1, respectively. Binding energies of the gate molecule in the optimized configurations were calculated by subtracting the energies of the MOF and the gate from the energy of the MOF-molecular gate complex.
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Because of the external electric field an additional force is exerted on the atoms due to partial charges. This force is calculated according to the following formula,
where F is the force, q is the partial atomic charges and E is external electric field. The electric field was applied in the zdirection which Mg-MOF-74 channels run through. Mg-MOF-74 unit cell was replicated 5 times in the z-direction to obtain a 1 x 1 x 5 structure. We considered two different gated structures; in the first one a single gate molecule was placed in one of the channels (Fig. 1c) ; and in the second one, a gate molecule was placed in each channel, resulting in a structure with all three channels occupied by the gate molecules (Fig.  1d) . Furthermore, for the fully gated complex we simulated a system with methane molecules present in order to investigate the possibility of controlling fluid transport in the channels of Mg-MOF-74. For this purpose a graphene wall was placed 2.5 nm away from the gate molecules, and the pore volume between the graphene wall and the molecular gates was saturated with methane such that the distance between the centre of methane molecules and the centre of atoms of MOF, graphene wall and the gate molecules was slightly larger than the sum of their van der Waals radii. In total 103 methane molecules were inserted. UFF 74 force field was used to model the MOF and the gate molecules and the graphene wall. MOF and the gate molecules were treated as flexible bodies. Methane was modelled by using the TraPPE force field. 75 The REPEAT 76 method was used to derive partial atomic charges by fitting them against the periodic electrostatic potential of the optimized MOF-molecular gate complex at the closed configuration obtained from DFT calculations. Details of all force field parameters can be found in the ESI. Duration of the MD simulations ranged from 1 to 30 ns. Verlet velocity algorithm 77 was employed to integrate Newton's equation of motion with a time step of 1fs. The cut-off distance was set at 12 Å. MD simulations were run at 298 K and 0 bars in the NPT ensemble using a Nose-Hoover thermostat and barostat for the MOF-molecular gate systems with no methane molecules; whereas, the system with the graphene wall and the methane molecules were simulated in the NVT ensemble.
Results and Discussion
Closed (Fig. 2a) and open ( Fig. 2b) for the closed and open configurations, respectively. These values are lower than those obtained by the dispersion corrected DFT calculations; but still indicate the molecular gate is predicted to bind strongly to the MOF in classical MD simulations. The stability of the MOF-molecular gate complex with one gate molecule was further tested under increasing electric field strengths. It was found that the complex retained its structural integrity up to 8 V nm -1 . On the other hand, the minimum electric field to overcome the intrinsic rotational barrier of a single molecular gate and bring it from the closed to open configuration was found to be 0.5 V nm -1 . A system with all three channels occupied by molecular gates was also considered (Fig. 1d) . Fig. 4 shows the total energy of this system with the electric field (3 V nm The complex with all three channels occupied by the molecular gates was further tested with methane molecules placed between the gates and the graphene wall in an NVT ensemble MD simulation (Fig. 5a) . First, the system was simulated with the gate molecules in the closed configuration for 30 ns and no electric field was applied. The molecular gates resisted to rotation despite the pressure due to the presence of methane molecules ( Figure S1 ) and remained in closed configuration as shown in Fig. 5a . During this period no methane molecules diffused to the empty pore volume behind the gates. This was visually confirmed and quantified with the number density of methane along the z-direction (Fig. 6a) . Then the electric field in the z-direction was turned on (3 V nm -1 ) and the system was simulated for another 30ns. With the electric field turned on, the molecular gates switched to open configuration (Fig. 5b) and the methane molecules diffused to the empty pore volume (Fig. 6b) .
It should be noted that gate effects reported in the MOF literature are substantially different than the molecular gate concept we present in this study. Rather than involving a door type mechanism which opens and closes, previously reported gate effects were all based on either the reorientation of ligands or a shift in the topology of the structure, such that the Please do not adjust margins Please do not adjust margins pore volume decreased or increased up on exposure to external stimuli, e.g., gas adsorption or light. [78] [79] [80] To the best of our knowledge, this is the first specific molecular gate design in MOFs dedicated to open and close the MOF pores for diffusion of molecules without the MOF undergoing any structural change. Overall, the MOF-molecular gate complex we designed resembles a butterfly valve mounted inside a pipe in order to regulate or prevent flow. By employing different functional groups it would be possible to adjust the electric field required to open or close this nanovalve. One could also imagine controlling the degree of opening of the valve by applying an electric field with different angles with respect to the x-y plane and thus regulating the flow rate. We recognise that the synthesis of a device which integrates a MOF and a molecular gate responding to an external electric field is a daunting task. However, there have been recent reports of experimental work which demonstrated the incorporation of molecular machines in MOFs. Stoddard and colleagues 51, 52 mounted rotaxane and catenane based molecular switches on the open-metal coordination sites of NU-1000 MOF. 81 Zhu et al. synthesized a molecular shuttle in the form of a crown-8 wheel which moved back and forth on the ligands of UWDM-4 MOF. 82 The use of an electric field as an external stimulus has also been demonstrated. Zheng et al. 21 used the tip of a scanning tunnelling microscope (STM) to create an electric field in order to switch the configuration of a fluorine functionalised phenanthrene molecular turnstile between two different stable positions. Remarkably, the strength of the electric field used in the study of Zheng et al., which was 1 V nm -1 , compares very well with the range of electric field we used in our computational study. In another ground breaking study, again an STM tip was used to drag a molecular car over a distance of several nanometres. 18 At the very least these experimental studies suggest that the incorporation of more complex molecular machines controlled by an external electric field in MOFs, or in other porous materials, such as the molecular gate we propose, can one day go beyond the level of conceptual design based on molecular simulations and become reality.
Conclusions
By taking advantage of open-metal coordination sites in MOFs we computationally designed a molecular gate mounted on MOFs. Mg-MOF-74, a MOF with hexagonal channels with open-metal coordination sites at each corner, was used as the host material. For the gate molecule 4,5-dimethyl-9,10-bis(trifloromethyl)pyrene-2,7-dicarboxylic acid was considered. This gate molecule has carboxyl groups to coordinate to the open-metal sites, a permanent dipole to respond to an electric field and a pyrene backbone to act as an axle. By carrying out dispersion corrected DFT calculations we showed that the gate molecule binds to the MOF strongly. MD simulations demonstrated that the gate molecules switch between two stable configurations, closed and open, by turning on and off an electric field. We then showed that this can be used to control the flow of methane molecules in the channels of Mg-MOF-74. The concept of electric field controlled molecular gates mounted on MOFs presented in this study can inspire the rational design of new molecular machines and nanodevices which can store, deliver and select molecules on demand and with atomic precision.
